It is now well established that there are three main types of opioid receptors: m, d, and k, and agonists or antagonists useful in the study of these opioid receptors have been discovered.
2) However, in efforts to enhance potency and receptor selectivity, the search continues for ligands specific for each type of receptor. Based upon the extensive study of the structure-activity relationships of dermorphin (Tyr-D-AlaPhe-Gly-Tyr-Pro-Ser-NH 2 ), a naturally occurring peptide isolated from the skin of Phyllomedusa sauvagei, we have synthesized and described a shorter analog, Tyr-D-Arg-PhebAla-NH 2 (YRFB), which is a potent m-receptor agonist and elicits analgesia even after peripheral administration in mice.
3) Simon et al. 4) have described a peptide mimic they call "peptoid." In peptoid the amino acid side chain on the acarbon is shifted to the nitrogen atom on the peptide backbone. 4) Peptoids are synthesized using N-alkylated glycine units in which the alkyl group corresponds to the amino acid side chain. The N-substituted glycine has been used to enhance bioavailability and proteolytic stability for some peptidic enzyme inhibitors 5, 6) and for an analog of a fragment from parathyroid hormone-related peptide. 7) We have described deltorphin analogs containing N-substituted glycine (i.e., N-n-butyl-Gly for Nle, N-iso-butyl-Gly for Leu, and Nsec-butyl-Gly for Ile) and have demonstrated that such modifications produce significant differences in biological response, including antagonist and mixed agonist/antagonist activities. 8) In the present study, ten YRFB analogs ( Fig. 1 ) were synthesized in which the Tyr 1 , D-Arg 2 , or Phe 3 residues were replaced by N-substituted glycines, and their binding to receptor and biological activities were tested.
Results and Discussion
All analogs were synthesized by the solid-phase method using Boc chemistry as described previously.
9) N-substituted glycine residues were introduced on the solid support by combining the usual introduction of the Gly residue and the reductive alkylation of the glycyl peptide resin using the corresponding alkylaldehyde and NaCNBH 3 in 1% AcOH/DMF. 10) Table 1 presents the analytical data for the synthetic peptides. Table 2 shows the receptor binding assay data and in vitro bioassay data for the synthetic analogs on guinea pig ileum (GPI) tissues. Single replacement of Tyr 1 , D-Arg 2 , or Phe 3 by corresponding N-substituted glycines yielded analogs 1-3, which exhibited dramatic decreases in m-receptor affinity (15000-fold lower than the parent peptide) and were effectively inactive in the GPI assay. The losses in activity are likely to be due to changes in the particular orientations of Tyr 1 and Phe 3 and/or the distance between the two residues, which are of crucial importance in the opioid agonist activity.
11) Replacing of Tyr 1 with bis-p-hydroxybenzylated Gly (4, Fig. 1 ) resulted in a 10-fold increase in binding affinity for the m receptor compared with the mono-p-hydroxybenzylated compound (3) . Eliminating the C-terminal bAla residue of 4 yielded analogs 5 but low m receptor selectivity. The additional deletion of the Phe 3 residue (6) resulted in a significant loss in m receptor affinity; however, this deletion analog demonstrated a significantly increased affinity for the d receptor. Analog 7 is a regioisomer of 4 and possessed a potent affinity for the m receptor and GPI potency. Deletion of the hydroxyl groups at the bis-p-hydroxybenzyl groups of 4 yielded analogs 8, which exhibited loss of activity in both assays. The L-Arg 2 enantiomer of 4 (analog 9) and [des-Tyr (10) still exhibited moderate affinities for both the m and d receptors. All of these analogs were significantly inactive as m receptor agonists in the GPI assay except for 7, which as mentioned above, is a potent m agonist.
Next, attempts were made to assess the antagonist activity of these analogs at the m receptor on GPI tissue, using YRFB and endomorphin-1 (EM-1) 12, 13) as agonists. Analogs 4, 5, 9, and 10 exhibited antagonist activity values (pA 2 ) between 5.3 and 6.1, whereas the other analogs were inactive. Of these four compounds, 4 was the most potent and specific m antagonist with a pA 2 of 6.0 to 6.1. These results suggest that the bAla residue at position 4 and the chirality of Arg 2 are not important elements for m antagonist activity. As indicated in Fig. 2, analog 4 counteracted the inhibitory effects of YRBF in a dose-dependently manner. The antagonistic effect of 4 (10 mM) was also tested against the d agonist DPDPE in the mouse vas deferens assay and against the k agonist dynorphin (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) in the presence of the m antagonist CTAP 14, 15) in the GPI assay. Analog 4 exhibited no antagonist activity against either the d or k receptor, thus, 4 appears to be a specific m receptor antagonist.
In conclusion, our present results lend support to other reports that the introduction of N-substituted Gly residues into No. biologically active peptides significantly alters biological activity. 4, 8) The diversity of conformational states that such a substitution produces may be responsible for this effect and/or the removal of an amide hydrogen may prevent formation of the hydrogen bond required for maintaining an active conformation or interacting with the receptor. 16) Using the m agonist YRFB as the starting compound in the present study, we have created some novel antagonists to the m receptor. Analog 4 is a moderately potent m antagonist compared with the typical m antagonist naloxone (pA 2 ϭ8.4-8.8). It is possible that further analysis of 4 and the structure-activity relationships reported in this study may lead to novel peptide or nonpeptide antagonists that are even more useful for the study of the m-opioid receptor.
Experimental
TLC carried out on silica gel plate (Merck, Kiesel gel 60F 254 , 5ϫ10 cm) with the following solvent systems: Rf(A), BuOH-AcOH-H 2 O (4 : 1 : 5, upper phase); Rf(B), BuOH-AcOH-pyridine-H 2 O (15 : 3 : 10 : 12). All protected-amino acids and methoxybenzohydrylamine resin (MBHA resin) were purchased from Watanabe Chemical Ind., Ltd. (Hiroshima). Peptides were hydrolyzed with 6 N HCl at 110°C for 22 h, amino acids were then analyzed with a Hitachi L-8500 amino acid analyzer. FAB-MS was determined with a JEOL JMS-DX303 spectrometer. Analytical HPLC was conducted on a column of YMC-Pack ODS-AM-302, using solvent systems A (0.06% TFA) and B (0.06% TFA in 80% acetonitrile). Peptides were eluted with a linear gradient of 10% to 50% B over 40 min at a flow rate of 1 ml/min. Peptides were purified by elution on a Develosil LOP ODS column (24ϫ360 mm, Nomura Kagaku) with a linear 10-50% gradient of solvent B over 180 min at a flow rate of 3.0 ml/min. The eluate was monitored at 280 nm.
Peptide Synthesis Peptides were synthesized by the solid-phase technique using a DICDI/HOBt-mediated Boc strategy as previously described.
9)
N-substituted glycine residues were also introduced on the solid support in a two-step process. As usual, the Gly residue was introduced first; then the glycyl-peptide resin was subjected to reductive alkylation using the corresponding alkylaldehyde and NaCNBH 3 in 1% AcOH/DMF. 10) For synthesis of [N-guanidinopropyl-Gly 2 ]YRFB (2), the H-Gly-Phe-bAla-MBHA resin was alkylated with three equivalents of and NaCNBH 3 in 1% AcOH/DMF as is usual 10) and then reacted with Fmoc-Tyr-OH in the presence of PyBOP/ HOBt 17) in DMF. After the removal of Boc-group with 0.5 M methanesulfonic acid/DCM, the amino group was guanylated using 3,5-dimethylpyrazole-1-carboxamidine nitrate in DIPEA/DMF.
18) The peptide resin was treated with anhydrous HF containing anisole to give a crude product, which was then purified by reverse phase-HPLC. For the syntheses of 3 and 4, two equivalents of p-hydroxybenzaldehyde and NaCNBH 3 were reacted with the H-Gly-D-Arg(Tos)-Phe-bAla-MBHA resin for 6 h at 60°C. Deprotection and cleavage of the peptide from the resin yielded analogs 3 and 4 in a ratio of 1 : 1, which were separated by reverse phase-HPLC. The purity of synthetic peptides was determined to be greater than 95% by analytical HPLC. The analytical data for the synthetic peptides is summarized in Table 1 .
Receptor Binding Assay Receptor binding was assayed using rat brain synaptosomal membrane fractions as described elsewhere. 19 GPI Assay We assayed the biological activity towards the m receptor by means of the guinea pig ileum (GPI) assay as reported in detail previously.
The myenteric plexus-longitudinal muscle was obtained from male Hartley strain guinea pig (250-300 g) ileum according to Rang. 21) Dose-response curves were constructed and IC 50 values were calculated graphically.
pA 2 values were calculated according to the procedure of Arunlakshana and Schild. 22) 
